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A comprehensive experimental study is carried out to investigate the unsteady pressure exerted on the surface of a round cylinder in the sub-critical Reynolds number range. Experiments are performed using a highly instrumented cylinder, with several static pressure taps and dynamic pressure transducers at dierent spanwise and peripheral locations, enabling extensive dynamic surface pressure, coherence and turbulence length-scale analysis. The eects of the free-stream turbulence are investigated by placing the smooth and turbulent-generating grids within the contraction region of the wind tunnel. For both incident ows, the surface pressure results show the emergence of the fundamental, rst and second harmonics at most peripheral angles, while at the cylinder base the surface pressure spectra is dominated by the rst harmonic. The amplitudes of the fundamental and second harmonic tones are observed to peak within the turbulent boundary layer region and then decrease toward the base, while that of the rst harmonic is observed increases with the angle and peaks at the cylinder base. The spanwise coherence results have also shown that the vortex shedding structures have a long spanwise length, while the three-dimensional ow structures within the boundary layer have a much shorter correlation length. Furthermore, the spanwise coherence at the cylinder base is found to be purely tonal. The use of the turbulence grids is shown to lead to slight shift in the vortex shedding frequencies to lower frequencies. It has also been observed that the ow structures in turbulent incident ow have higher energy level compared to the smooth incident ow. The aerodynamics of circular cylinders placed in a laminar cross-ow has extensively been studied 1 as it involves some very interesting physics and is of great importance in many engineering applications, including risers in marine engineering, buildings, bridges, tubular heat exchangers, power transmission lines, chimneys, towers and so on. The noise generation mechanism and methods to reduce noise from blu bodies is also of great academic and industrial interest. 211 While the aerodynamics of blu bodies has been the subject of much experimental studies, there still exists a need for high-quality measurement of the quantities important for the understanding of the noise generation mechanism.
The Aeolian tones, the tonal noise generated due to the vortex shedding, are known is a basic and important characteristic of the aerodynamic of blu bodies. The eects of free-stream turbulence ow on the vortex shedding from the cylinder have been investigated in the literature but many features are still unclaried. Bearman and Morel 12 reviewed some inuences of turbulent incident ow on dynamic ow around blu bodies at high Reynolds number. It is well recognized that sub-critical regime (i.e. Re = 300 − 2 × 10 5 ) is described by purely laminar separation and turbulent vortices formation in downstream. Bloor 13 drew rstly attention to this transition and reported that it moves upstream with increase in turbulence intensity and/or Reynolds number. The transition leads to increase mixing and implies that vortex formation takes place closer to the cylinder base. 14 The decrease in base pressure and increase in the uctuating forces also associated with shrinking of the formation region. The experimental study performed by Norberg and Sunden 15 provided useful results concerning the eects of Reynolds number and turbulence intensity on the uid forces acting on a circular cylinder in cross ow. For Re < 10
5
, increase in pressure forces observed with increasing turbulence intensity and opposite trend occurred for higher Reynolds number. In order to establish accurate data on the uctuating pressure distributions root-mean-square (rms) forces in sub-critical ow, experiments carried out by West and Apelt 5 on smooth circular cylinder. The result showed that the eects of changes of free-stream turbulence on rms pressure distributions, rms lift coecient and mean drag coecient is similar to the inuences of increase in Reynolds number. Moreover, suggested that as well as turbulence intensity, the scale and spectrum of the turbulence are noticeable parameters.
The most conventional and eective method for measuring the unsteady surface pressure uctuations acting on the surface in a ow eld is the use of miniature pressure transducers. A comprehensive study of vortex shedding noise from a single cylinder using this method was carried out by Schlinker et al. 3 Results had conrmed that vortex shedding is dependent on the surface roughness and the eective Reynolds number. The wall pressure uctuation measurements using in-situ pressure transducers were also reported in the work by Casalino and Jacob 16 for understanding of the statistical characteristics of the wake ow structures. In this research argued that both the fundamental vortex shedding frequency and the second harmonic correspond to the lift uctuations of the cylinder, while the rst harmonic is related to the drag uctuation force acting on the cylinder. Using the same measurement technique, Oguma et al., 10 Fujita et al. 17 and Ackerman et al. 18 carried out an investigation on the properties of the Aeolian tone and the surface pressure uctuations for a wide range of Reynolds numbers.
Stowell and Deming 7 were the rst to measure the directivity of the noise radiated by circular cylinders and demonstrated that the sound eld has a dipolar character, with peaks normal to the free-stream ow direction and the cylinder axis. The mathematical model developed by Curle 19 showed that the uctuating forces acting on the cylinder, as a result of the solid-ow interaction, leads to a dipolar radiation. Curle's dimensional analysis also showed that theoretically the sound intensity scales with the sixth-power of the velocity. Based on Curle's mathematical model for the prediction of noise from stationary solid bodies in a ow, one can infer that the far-eld sound from a circular cylinder is directly related to the surface integral of the unsteady pressure exerted on the body of the cylinder as a result of the interaction with the boundary layer and wake structures. 10 Therefore, for proper understanding of the noise generation mechanism from external bodies in a ow, it is important to study the ow-eld around the object and the unsteady forces exerted by ow structures.
As reviewed above, most of the work done to data has been experimental, with the majority of it in wind tunnels in ows with low levels of free-stream turbulence. Unfortunately, there is no a comprehensive study to investigate the surface pressure uctuations over the circumference of the cylinder and along its span in turbulent incident ow. This paper aims to provide an extensive body research of the unsteady pressure exerted on the surface of circular cylinders in a turbulent cross-ow in the subcritical ow regime and perform comprehensive near-eld correlation studies to improve our understanding of the noise generation mechanisms from blu bodies. The experimental setup and wind tunnel tests are described in Sec. II. The results and discussions are detailed in Sec. III.
II. Measurement Setup
The ow experiments were performed in an open-jet subsonic wind tunnel facility of the Yazd University. The wind tunnel has an exit cross-sectional area of 0.46 m × 0.46 m with a maximum reliable wind speed of 25 m/s and a turbulence level of less than 0.3%. The internal walls of the wind tunnel were equipped with a highly absorbing porous layer 20 to avoid noise contamination due to the fan background noise. The reduction of the fan background noise was found to be about 15 dB over a wind range of frequencies of interest.
A. Cylinder conguration
The ow measurements have been carried out using a circular cylinder with an outer diameter of 0.022 m and a span length of 0.46 m. The circular cylinder test-rig is made of three dierent parts consisting of one middle section with static and dynamic surface pressure instrumentations and two side extension parts, i.e. extend to that of the span length of the wind tunnel exit cross-sectional area. The layout of the circular cylinder test-rig is shown in Fig. 1 . In order to eliminate the wind tunnel walls eects on the measured quantities, the model was built with an aspect ratio (span length to diameter) of over 20. 21 The blockage ratio of the cylinder was found to be less than 5%. The cylinder was properly placed within the potential core of the jet ow and was held by two parallel rectangular side-plates to avoid the possibility of vibration. In order to collect the ow and pressure data in ne angular increments, i.e. at every 5 o degrees, the test-rig was mounted on a turning table. The pressure transducers used in the present work are similar to that of the transducers used in, 22 which has shown to produce reliable pressure data in the frequency range of interest. In order to reduce and eliminate the pressure attenuation eects at high frequencies, the pressure measurements were carried out using a small pinhole with very small diameter at the surface of the cylinder. 2, 9, 23 The pressure transducers are placed underneath a small pinhole mask of 0.00055 m diameter and xed inside the cylinder using a fully sealed holding mechanism, see Fig. 2 . A total number of 15 pressure transducers are distributed in the peripheral and spanwise directions of the cylinder. The layout of the pressure transducers are shown in Fig. 2 . In order to verify the two-dimensionality of the ow and to measure the spanwise length scale of the ow structure, a set of transducers (p1-p8 ) are installed along the span of the cylinder. The transducers in the spanwise direction are placed with an unequal spacing, which provides a non-redundant population of sensor spacing and maximum number of spatial distances used for correlation studies. 4 The spanwise transducers are distributed over 5 D -7 D to enable the ow structures to be fully resolved. 17, 22, 24 It is important to ensure that the transducers are kept outside of the boundary layer developed by the side-plates. In this study, the maximum boundary layer thickness formed via the eect of the side-plates at the ow velocity of U ∞ = 20 m/s was found to be 0.008 m. In order to better understand the ow structures and ow shedding at dierent peripheral angles, several pressure transducers (p9-p15 ) are distributed around the circumference of the cylinder at the mid-span plane with an angular spacing of 45 o . The locations of the pinhole transducers are summarized in Table 1 . The transducers were calibrated in-situ based on the method described in Ref., 2, 25 and the calibration was performed before and after each measurement. A 16-channel NI PCI-6023E data acquisition system was used to collect the surface pressure uctuations data, with a sampling frequency of 40 kHz and measurement time of 60 seconds. In order to reduce the statistical convergence error, the pressure spectra were calculated based on the average spectra of individual data obtained from dividing the time series pressure data into a sequence of records, 26 i.e. 1/ √ N r , N r is the number of records. In the present work, a total number of N r =800 records were used, with an uncertainty of about 3.5%. Each of the pressure tap was tightly tted with a 0.005 m brass tube, with the inner and outer diameters of 0.0004 m and 0.0006 m, respectively. The brass tubes are connected to polyurethane tubes, and nally connected to the pressure scanner ports. A 16 channels Honeywell electronic dierential pressure measurement unit with the system accuracy of ± 1.25 kPa was used to perform the static pressure measurements. An uncertainty analysis was carried out, based on the method described in Ref., 27 and the uncertainty was found to be below 2.2%.
D. Characterization of grid turbulence
In the present work, three biplane grids with dierent mesh sizes were used to generate the incoming turbulence ow, upstream of the circular cylinder model. The shape of the grid elements can have important eects on the homogeneity, intensity level and the stability of the wake system generated by the grid elements. 28 It was shown that the biplane grids are able to generate turbulence with the ratio between the streamwise and lateral turbulence intensities (u 2 /v 2 ) is much closer to unity, 29 which is not found for the grids with other dierent shape or geometries. In order to ensure the production of approximately homogeneous region, Corrsin 28 suggested that the grid must be designed such that H >> M , where H is the wind tunnel cross-section dimension and M is the mesh length of the grid. According to this criteria, the mesh size for the biplane grids constructed in this study are of 0.04 m, 0.056 m and 0.09 m each. The diameter of the round rods are determined based on the mesh size ratio, M/d ≈ 5. 30 The rods with the diameters of 0.009 m, 0.0127 m and 0.0203 m were chosen for the turbulence grids in this study. The grid solidity ratio (σ) is another important criteria that should be considered in manufacturing the biplane grids. Laws and Livesey 30 stated that the grids with a grid solidity ratio of about σ=0.3-0.4 are typically used to generate turbulence that is homogeneous and isotropic at suciently large distances downstream from the grid. The specic grid sizes, rod diameters, and the solidity ratios are summarized in Table 2 . Basically, three dierent ow eld regions can be categorized downstream of the turbulence grid. The rst region corresponds to the ow developing region nearest the grid where the wakes from the rod merges. The ow in this region is inhomogeneous and anisotropic, and consequently, the production of turbulent kinetic energy is observed. 31 The second region is dominated by ow which is nearly homogeneous, isotropic and nearly isotropic and is in this region that the energy is transferred from one wavenumber to another. Depending on the Reynolds number of the ow, the second region was found to be reached at a distance, x, downstream of the grid ranging from 10 M -50 M . 32, 33 This region was found to be the appropriate location for the positioning of the circular cylinder, downstream of the grid in the present work. The third region corresponds to the decay region, where the viscous eects dominate the large energy containing turbulence length scales in the furthest downstream locations from the grid. Corrsin 28 suggested that for grids with a relatively low solidity, the ow measurements should be performed at x/M ≥ 40. However, several empirical studies have shown that the second region may exist as early as x/M ≈ 20. 3436 In the present study, the ow measurement locations of all the three biplane grids were chosen along the center line of the tunnel for 20 ≤ x/M ≤ 80 according to the methods obtained in. 37 In order to study the eect of turbulence length scale on the surface pressure uctuations, the circular cylinder was located at the positions of x/D = 7.27 and x/D = 12.27, downstream of the biplane Grids 1 and 2, respectively. These two locations correspond to the turbulence length scale of Λ uu ≈ 0.5D and Λ uu ≈ D, at a constant turbulence intensity level of T u=3.1%. The variation of the turbulence intensity level, changing from T u=3.1% to 5.1% was also investigated, with constant turbulence length scale (Λ uu ≈ D), downstream of the biplane grids 2 and 3, respectively. The turbulence intensity level is calculated from the measured mean square velocity u 2 and the turbulence length scale is estimated from two dierent methods, namely (a) Von Karman spectrum data tting and (b) integration of the velocity autocorrelation curve. The results from these two methods will then be compared relative to each other. The Von Karman spectrum for the streamwise isotropic turbulence can be plotted from, 38
where φ V K uu (f ) is the Von Karman spectrum. The comparison between the power spectral density of the velocity uctuations at x/D = x and the Von Karman spectrum for all the biplane grids is shown in Fig. 3 . The results have shown that the power spectral density results of the velocity uctuations is found to be consistent with the theoretical Von Karman spectrum for all the biplane grids, i.e. Grids 1, 2 and 3 with turbulence length scales of Λ uu =0.0152 m 0.0213 m and 0.0239 m, respectively. The isotropic nature of the turbulence ow should have a slope of -5/3, indicating that the ow generated by the biplane grids in this study is isotropic. In the favourable pressure gradient region (i.e. from the stagnation point to the point of minimum pressure (θ m and θ G m ), the pressure coecient C p results for the case of the turbulent incident ow are very small at smaller angle, closer to the stagnation point. At higher peripheral angle, the C p of the turbulent incident ow gradually becomes smaller (more negative) compared to that of the smooth incident ow and reached a maximum dierence of C p at the point of the minimum pressure between the two ows. It can be observed that the pressure coecient in the turbulent incident ow (with grids) is greater than that in the smooth incident ow (without grid). The pressure coecient minimum for the smooth incident ow occurs at the angular position θ m = 70 o . In contrast, the pressure coecient minimum for the turbulent incident ow shifts to a maximum angular position θ The dierence between the pressure distributions in the turbulent and smooth incident ows is prominent within the adverse pressure gradient region which stretches from the point of minimum pressure up to the starting point of the base region (θ s and θ G s ). In the case of the turbulent incident ow, the C p becomes much smaller (more negative), with a longer angular extent θ 40 The results have shown that a broader adverse pressure gradient region is observed with the application of Grid 1. This widening of the adverse pressure gradient region leads to a shorter base region which extends from the base region starting point to the base point (θ b and θ G b ). The dierences between the base regions in both the smooth and turbulent incident ows include a shorter extent and, in most cases, a higher negative pressure coecient results is observed in the case of the turbulent incident ow, see Fig. 4 . The decrease in the base pressure is due to the increasing curvature of the free streamline and entrainment of the reversed ow into the opposing shear layer, which corresponds to the reduction of the vortex formation length and enhancement of the diusion length. 14 The angular range is shown by the arc between the base point and the starting point of the base region (or separation angle), i.e. θ ) is approximately 3%, which is similar to the base pressure distributions reported in. 41, 42 In the case of the turbulent incident ow, the deviation of the pressure coecient increases to 5.5%, see Fig. 4 . 
B. Pressure power spectral density
The surface pressure power spectral density (PSD) was measured using microphone p1 at several peripheral angles, at Re = 14.7 × 10 The results generally show that the surface pressure PSD spectra consists of both the tonal and broadband components in smooth (without grid) and turbulent (with grids) incident ow. In addition to the fundamental vortex shedding frequency (f 0 ), the rst two harmonics (f 1 = 2f 0 and f 2 = 3f 0 ) are also visible in the PSD results, thanks to the good signal to the background noise ratio. It can be observed from Fig. 5 that there is a signicant dierence in terms of the frequency location of the dominant tones and broadband trend of the surface pressure PSD results. In the case of the turbulent incident ow, the results have shown that the fundamental tonal frequency has slightly shifted to lower frequencies compared to the smooth incident ow, i.e. changes from St = 0.2 in the smooth incident ow to about St = 0.19 in the turbulent incident ow. This trend is also seen at the rst and second harmonics, which is consistent with the results of Hutcheson and Brooks. 24 It can also be observed that the broadband energy content in the turbulent incident ow is generally higher than that of the smooth incident ow in the whole frequency range of interest, which is also prominent at high frequencies and at the post-separation regions (θ > θ s ).
Results have shown that, in the turbulent incident ow, the tonal frequencies and the broadband part of the surface pressure spectra increases with the turbulent intensity level (T u=3.1%-5.1%) of the grids (Grids 1,2 and 3). The increase in the tonal and broadband components, in this case, is larger at certain points around the cylinder, i.e. at the stagnation point (θ = 0 Results in Fig 5 have also shown that the slope of the surface pressure PSD changes signicantly with frequency and angle, i.e. slope here represents the depreciation rate of the turbulence structures. However, it is not easy to nd a slope for the broadband content of the surface pressure energy eld at small angles and low frequencies because the PSD spectra are dominated by the tonal peaks. One can see from the results at larger angles, particularly beyond the separation point, the broadband content of the surface pressure PSD begins to increase and follows certain f Fig. 6 . The coherence function between two pressure transducers along the span and streamwise directions can be found from,
where Φ pi,pj (η z , f ) denotes the cross-spectrum between the two pressure signals, Φ pi,pi (η z , f ) is the autospectrum of each individual signal, and η z is the spanwise separation distance between the transducers. The gure is plotted as a function of Strouhal number at a free-stream velocity of U ∞ = 10 m/s (Re=14.7
× 10 3 ) for smooth and three types of turbulent incident ows. In order to suciently capture the two-and three-dimensional ow structures around the cylinder, the coherence measurements have been performed for the lateral spacings within the range of 0.41 ≤ η z /D ≤ 5.95. The results in Fig. 6 generally show that the lateral coherence level between the transducers decreases with η z /D at all angles. Results have shown that at all angles around the cylinder, the maximum coherence occurs at the fundamental vortex shedding frequency (f 0 ) and its harmonics (f 1 and f 2 ). It also can be seen that the coherence value at f 0 is greater than those at f 1 and f 2 for all angles, except for θ = 180 o , which is mainly dominated by the tonal component at f 1 .
The coherence values at f 0 and f 2 , however, reduces to nearly zero. The results also indicate that despite the emergence of the strong peaks at f 0 , f 1 and f 2 , the coherence results for the transducers in small lateral spacings η z /D = 0.41 − 0.68 experience a relatively strong broadband content. However, the coherence becomes tonal and reaches zero at other frequencies with increasing η z /D, i.e. η z /D > 0.68. This signies that the vortex shedding structures (i.e. two-dimensional structures) withhold their coherence over a larger spanwise distance relative to that of the three-dimensional ow structures. For the lateral spacing distance of η z /D = 0.41 − 2.27, at θ = 0 o , the coherence results show a broadband behaviour with a distinct tonal peak at f 0 , indicating that the lift uctuation can be discerned at the stagnation point. Moving downstream, the tonal and broadband contents of the lateral coherence are observed to be strongest at θ = 45 Figure 7 shows the frequency dependent spanwise length-scale results at dierent angles. The spanwise length-scale of the surface pressure uctuations along the span of the cylinder is calculated as,
In both the smooth and turbulent incident ow cases, the results for θ = 90 are λ pp (f 1 ) ≈ 4.2D and λ pp (f 2 ) ≈ 4D, respectively. In the case of the turbulent incident ow, the general trend of the results at f 0 , f 1 and f 2 are similar to that of the smooth incident ow, but with a much smaller correlation length at all angles, except for θ = 180 o , which is consistent with the results observed in Fig. 6 . The results in Fig. 7 indicate that the spanwise correlation length is the largest for the turbulent incident ow generated by the Grid 3, i.e. with higher turbulence intensity level and velocity correlation length, while the spanwise correlation length is found to be the smallest for the turbulent incident ow case with lower turbulence intensity level and moderate velocity correlation length (Grid 2) compared to that of Grid 1, at all angles. These general trend of the results, however, is not observed at the cylinder base region (θ = 180 o ), where the length-scales of the turbulent incident ows is the highest at the low-frequency, i.e. f 0 , compared to that of the smooth incident ow, however, the peak at f 1 is mainly dominated by the ow structures without the application of the biplane grids. The correlation length-scales results for all the turbulent ow incident cases, however, becomes constant at high frequencies. 
IV. Conclusion
The present study is concerned with the experimental investigation on the eects of the turbulent incoming ow on the surface pressure uctuations acting on a cylinder in a cross-ow. The work has been carried out using a highly instrumented test rig, equipped with several peripheral and spanwise surface pressure transducers. The results have shown that the surface pressure power spectral density at the fundamental vortex shedding and its harmonics can be reduced signicantly in the case of the turbulent incident ow compared to that of the smooth incident ow. In the case of the turbulent incident ow, the results have shown that the fundamental tonal frequency has slightly shifted to lower frequencies compared to the smooth incident ow. The two-dimensionality of the vortex shedding structures along the cylinder span has been studied using the lateral coherence of the surface pressure uctuations. Results have shown that, in the case of the smooth and turbulent incident ow, the surface pressure uctuations remains highly coherent over a long distance along the cylinder span length at the fundamental shedding frequency f 0 , while for f 1 and f 2 , the coherence decays much quicker over a much shorter cylinder span length. The general trend of the correlation length results at f 0 , f 1 and f 2 are similar in both of the smooth and turbulent incident ow case, but with a much smaller correlation length at most of the angles in the case of the turbulent incident ow. The results in this paper have shown the fundamental aerodynamic and aeroacoustic studies on turbulent ow interaction with a circular cylinder, and provide the motivation for more high-quality computational studies in the context of noise generation mechanisms of blu bodies.
